The sea surface chlorophyll concentrations in low latitude marginal seas, such as the South China Sea or Gulf of Mexico, are higher than those in the adjacent open oceans by >60%, the biomass higher by >28% and primary productivity higher by >100%. It is demonstrated by a coupled physical-biogeochemical model of the South China Sea that the enhanced phytoplankton growth in the SCS is probably mainly caused by rich supply of nutrients from localized upwelling along margins of the basin, whereas the river-borne nutrients may contribute to the enhancement to a relatively small degree. Although the upwelling process is wind-driven, it is the confinement of the marginal seas by the surrounding land masses that gives rise to the occurrences of upwelling under certain favorable conditions.
The sea surface chlorophyll concentrations in low latitude marginal seas, such as the South China Sea or Gulf of Mexico, are higher than those in the adjacent open oceans by >60%, the biomass higher by >28% and primary productivity higher by >100%. It is demonstrated by a coupled physical-biogeochemical model of the South China Sea that the enhanced phytoplankton growth in the SCS is probably mainly caused by rich supply of nutrients from localized upwelling along margins of the basin, whereas the river-borne nutrients may contribute to the enhancement to a relatively small degree. Although the upwelling process is wind-driven, it is the confinement of the marginal seas by the surrounding land masses that gives rise to the occurrences of upwelling under certain favorable conditions.
Introduction
It is noteworthy that the sea surface Chl-a concentration in the South China Sea (SCS) is on average about twice that in the adjacent West Philippine Sea (WPS) (Fig. 1) . It has been widely observed that the integrated chlorophyll in the euphotic zone is positively related to the sea surface chlorophyll concentration. 1 The elevated chlorophyll concentration in the SCS indicates an elevated phytoplankton biomass. In addition, the primary production in the ocean can be successfully calculated from sea surface chlorophyll concentration in most area of the open ocean. 2 The elevated sea surface chlorophyll concentration in the SCS also implies elevated primary productivity. Similar contrast in sea surface chlorophyll concentration also occurs to the Gulf of Mexico and the adjacent western North Atlantic Ocean with the Gulf of Mexico having a higher Chl-a concentration (Fig. 2) . Both pairs comprise a marginal sea and an oligotrophic open ocean in the same tropical-subtropical zone; in each pair the phytoplankton standing stock is Fig. 3(a) . The two black boxes indicate the region, where the wind data are presented in Fig. 5(a) . The red dot indicates the SEATS Station.
enhanced in the marginal sea in comparison with the open ocean. Such a contrast has led to the inclusion of marginal seas, which are defined as semienclosed seas adjacent to continents, in the coastal ocean or continental margin systems. 3, 4 This means that the marginal seas are more akin to the coastal ocean than to the open ocean. It is worth discussing why the marginal sea and the adjacent open ocean in each pair exhibit different biogeochemical characteristics, though they are subject to similar physical forcing, such as wind and solar irradiance. In this paper, we intend to present quantitative evidence of elevated phytoplankton biomass in two of the largest low latitude marginal seas and to explore processes that may be responsible for the different biogeochemical behavior in the marginal sea as opposed to the open ocean. One obvious reason for the difference is the supply of nutrients from rivers in marginal seas. 5 It has also been suggested that nutrient pumping from the underlying water body in the marginal seas is mainly responsible for the elevated chlorophyll concentration. 6, 7 Because the vertical transport of nutrient is difficult to quantify by observation, we use a coupled physicalbiogeochemical model of the South China Sea to estimate the vertical nutrient flux, which may be compared to the river loads of nutrients. The
model may also provide insight into the biogeochemical responses of the South China Sea to seasonal pulses of nutrient supply.
Materials and Methods
The shipboard measurements used in this study were obtained from the South-East Asian Time-series Study (SEATS). 8 The SEATS station is located at 18
• N and 116
• E (Fig. 1) . Discrete seawater samples were collected with depth in GO-FLO bottles that were mounted onto a Rosette sampling assembly (General Oceanic). Separate sub-samples were filtered onboard the research vessel. The filters were stored at −20 • C and then returned to the shore-based laboratory for the fluorometric determination of chlorophyll-a (Chl-a).
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The satellite obtained sea surface chlorophyll-a (Chl-a) values used in this study are a SeaWiFS data product from the following web site: (http:// daac.gsfc.nasa.gov/ data / dataset/ SEAWIFS/ 01 Data Products/ index.html) The data presented are mean values averaged for each pixel over the period between September 1997 and December 2003. The daily wind speed data presented were provided by NCEP Re-analysis at http://www.cdc.noaa.gov/cdc/data.ncep.reanalysis2.html#sktnote.
An improved three-dimensional coupled physical-biogeochemical model has been developed for the SCS. 10 The model has a horizontal resolution of 0.4
• in the domain 2-24.8
• N and 99-124.6
• E and 21 layers in the vertical. The nitrogen-based biogeochemical model has four compartments, dissolved inorganic nitrogen (DIN ), phytoplankton (Phy), zooplankton (Zop) and detritus (Det ) with a variable chlorophyll-to-nitrogen ratio (R) in phytoplankton. The upper and lower bounds of R are set to 3.5 and 1.0 g mol N −1 , respectively, which correspond to organic carbon-tochlorophyll ratio of 23 and 80, respectively. 10 The model includes the benthic-pelagic coupling for nitrogen. The particulate nitrogen in detritus that hits the bottom is transformed into DIN with a 14% removal by benthic denitrification on the seafloor.
10,11
The initial conditions of the model are the January temperature and salinity fields of climatological hydrography 12 and the mean DIN field.
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The model is driven by climatological monthly mean winds, 14 monthly sea surface temperature, and seasonal surface salinity. 12 The flow field in the third year of the model run shows little changes from those in the previous years and the biogeochemical tracers also reach quasi-steady state.
Therefore, the output from the third year of the model run is presented in all cases. The model output is compared with observations from SEATS.
Results and Discussion
We first present quantitative evidence showing the elevated phytoplankton biomass in the SCS and the Gulf of Mexico. Then we discuss possible mechanisms responsible for the enhancement with the help of numerical modeling for the SCS.
Sea surface chlorophyll and phytoplankton biomass
The zonal variations of sea surface Chl-a concentration are used to demonstrate the contrast between the marginal sea and the adjacent open ocean in the low latitudes (Fig. 3 ). The case of the SCS-WPS pair is illustrated by the change of Chl-a along latitude 17.5
• N from 100 Fig. 3(a) ). The value at each longitude is the average Chl-a value from the zonal band, [17] [18] • N, shown in Fig. 1(a) . The Chl-a values are high in coastal zones, where elevated nutrient levels due to terrestrial input may enhance phytoplankton growth. However, suspended sediments and colored dissolved organic matter from land in the coastal zone may cause overestimation of Chl-a concentration derived from ocean color data. Away from the coastal zone the Chl-a value drops precipitatiously. In regions with water depth greater than 200 m and 50 km or farther from the coast inside the SCS, the Chl-a concentrations are rather low. In the deeper region away from the coast, the sea surface Chl-a concentration ranges between 0.09 and 0.13 mg m −3 with a mean value of 0.10 mg m −3 . In the eastern sea board of the Philippines, the Chl-a concentration is only about 0.08 mg m −3 at a distance 50 km to the east coast of the Luzon Island and decreases to 0.06 mg m −3 further east.
In the deeper part of the Gulf of Mexico away from the coast ( Fig. 3(b) ), the sea surface Chl-a concentration ranges between 0.11 and 0.15 mg m It is clear that in the interior of the two marginal seas, where the water depths attain 3000 m or greater, the sea surface Chl-a concentrations are about twice as high as those in the adjacent open ocean. Based on observations at the SEATS Station (Fig. 4) , the integrated chlorophyll, I-chl (mg m −2 ), in the euphotic zone, which may represent the phytoplankton biomass, is related to the surface chlorophyll, S-chl (mg m −3 ), for the SCS by the following equation.
The relationship resembles that found by Morel and Berthon, 1 who reported a similar exponent (0.425) but a smaller coefficient (38). The relationship found at the SEATS station appears to fit observations from the Gulf of Mexico. 17 If this relationship also holds true for the WPS, the integrated chlorophyll in the SCS proper is on average 28% higher than that in the adjacent WPS. Similarly, the integrated chlorophyll in the Gulf of Mexico interior is on average 35% higher than that in the adjacent North Atlantic Ocean.
Because of the more abundant light in the water column near the surface, the phytoplankton in the surface layer contributes more to primary production than the subsurface biomass. The average primary production (PP) in the SCS proper was found to be 390 mg m 2 The enhanced PP in the SCS is more than double as compared to that in the WPS. Especially important is the higher winter production under the stronger winter monsoon. This is to be addressed in the following.
Wind speed
Because wind mixing is often the dominant factor controlling primary productivity in the ocean, 19 it is desirable to check whether changes in the ( Fig. 5(a) ). The winter-summer difference was clear in the annual cycles. The northeast monsoons in winter were considerably stronger than the southwest monsoons in summer, but the latter still show secondary peaks in mid-years. As a result, weakest winds occurred during inter-monsoon periods. Over the period from January 1997 to December 2003, the wind speeds in the adjacent regions were quite similar. The mean values were 7.2 ± 3.5 and 6.7 ± 3.4 m s −1 , respectively, for the SCS and WPS.
The winter-summer contrast was also evident for the Gulf of Mexico region (Fig. 5(b) ). Lacking the monsoonal system, the amplitude of the winter-summer variation was not as large as that found in the SCS region. Unlike the monsoonal system, secondary peaks of wind speed in summer were mostly absent in the Gulf of Mexico. The mean values were 6.1 ± 2.7 and 5.7 ± 2.9 m s −1 , respectively, for the Gulf of Mexico and the adjacent open ocean. Although it cannot be ruled out that the slightly stronger wind speed in the marginal seas may contribute to the more enhanced phytoplankton growth, it is unlikely that the small differences in wind speed are solely responsible for the elevated phytoplankton biomass and the much enhanced primary productivity within the marginal sea as compared to the adjacent open ocean. Using the SCS as a case study, we explore the processes that may contribute to the contrast in greater detail.
Monsoon-driven variation of chlorophyll
The effect of wind-driven variation of chlorophyll in the SCS can be examined with the coupled physical-biogeochemical model of Liu et al. 10 The model-generated seasonal variation of sea surface chlorophyll concentration in the vicinity of the SEATS Station is compared to the observations obtained between September 1999 and October 2003 ( (Figs. 7-10 ). The monthly model results are represented by the model output for the 15th of each month. In April, before the onset of the southwest monsoon, both the SeaWiFS image ( Fig. 7(a) ) and model result (Fig. 7(b) ) show very low chlorophyll concentration everywhere in the SCS except in the coastal zone. Under the summer monsoon (August), the model produces relatively high chlorophyll concentrations (1 mg m −3 or higher) off the Pearl River
Mouth, in the Gulfs of Tonkin and Thailand, and off the east coast of Vietnam and the Mekong River Mouth (Fig. 8(a) ), while chlorophyll concentrations elsewhere are mostly below 0.2 mg m −3 . The SeaWiFS chlorophyll image (Fig. 8(b) ) shows a band of intense chlorophyll concentration of about 100 km wide extending from the Mekong River mouth towards the northeast. Although the Mekong runoff may induce high
productivity, the extensive high chlorophyll patch far from the river mouth is most likely induced by the upwelling under the southwest monsoon.
21
The modeled chlorophyll distribution off the east coast of Vietnam appears too much enhanced, probably resulting from the coarse model resolution and insufficient advection. 16 On the other hand, the modeled chlorophyll concentrations in the coastal zone are not as high as the SeaWiFS image shows. It is cautioned that some of the very high SeaWiFS chlorophyll concentrations (>5 mg m −3 ) near the coast may be caused by colored dissolved organic matter or suspended sediment in the Case II waters.
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The reasonably good simulation of chlorophyll distribution in the Gulf of Thailand is much improved compared to the original model; 16 this is mainly due to the inclusion of a more realistic benthic boundary condition.
10 In contrast to the high chlorophyll in the western half of the SCS, both the model and the satellite image show very low chlorophyll concentrations on the eastern half of the basin probably due to downwelling along the eastern boundary of the basin.
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The chlorophyll concentrations drops to very low levels in October (Fig. 9) , when the summer monsoon subsides and the winter monsoon has yet to pick up. This is similar to the condition during the spring intermonsoon period (Fig. 7) . A notable patch of slightly elevated chlorophyll concentration that extends from the coastal zone of Vietnam towards northeast ( Fig. 9(a) ) appears to be a remnant of the summer upwelling. The SeaWiFS image (Fig. 9(b) ) shows a similar distribution pattern and range of Chl-a concentration, but the remnant of summer upwelling is absent and the coastal features are more confined.
As the winter monsoon becomes stronger in December (Fig. 5(a) ), the model predicts high chlorophyll concentrations (up to 2 mg m −3 )
off northwest Luzon. The high chlorophyll patch extends southwestward forming a band of moderately elevated chlorophyll concentrations (up to 1 mg m −3 ), reaching the Sunda Shelf region in the southern end of the SCS ( Fig. 10(a) ). The areas off northwestern Luzon and Sunda shelf are regions of upwelling according to model-predicted circulation. 21 The SeaWiFS image ( Fig. 10(b) ) shows regions of elevated chlorophyll concentration off northwest Luzon and to the south of Vietnam. However, the enhancement is not as strong as the model predicts.
As shown above, the modeled features of sea surface Chl-a distribution in the SCS show qualitative agreement with the SeaWiFS images, but the details differ considerably. The main reason is the coarse resolution of the model, which does not allow occurrences of mesoscale eddies, while these eddies have proven to be a very important feature in the SCS. 23 Improvement of the present model by adopting a finer horizontal resolution is necessary to better simulate the spatial distribution of Chl-a. Although the modeled Chl-a distributions do not match the SeaWiFS data precisely, the modeled seasonal variation of primary production in the SCS matches observations reasonably well. 10 The modeled annual mean primary production is 499 mg C m 
Nutrient demand and supply
Since the coupled model for the SCS has done a reasonably good job in simulating phytoplankton growth in the SCS, we use it to provide information on the demands and supplies of nutrients for phytoplankton growth ( Table 1 ). The nutrient demands can be calculated from the modeled primary production under the assumption of C/N/P ratio of 106:16:1.
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The required nutrient loads are calculated for the entire SCS with an area of 3.35 million km 2 and listed in Table 1 .
The main supply of nutrients to the upper water column of the SCS defined as the top 100 m is adopted from the estimates of Liu et al. 25 and presented in Table 1 . Because the upper bound of observed euphotic zone depths in the SCS was close to 100 m, 26 the nutrient supply in the top 100 m is crucial to phytoplankton growth. It is clear that upwelling of the subsurface water provides the largest nutrient flux to the upper water column. The alternating monsoons drive upwelling in the SCS, 21, 27, 28 notably in three regions: off northwestern Luzon and around the shelf break in northern Sunda Shelf in winter and off the central Vietnamese coast in summer. It is the localized upwelling that brings nutrients from the deep to the upper water column.
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The river runoff provides only about 1% of the nitrogen demand for primary production and about 0.2% of phosphorus demand. It is noted that only the dissolved inorganic nutrients, which are most readily available to phytoplankton uptake, are considered here. Although river-borne nutrients are not important to the SCS as a whole, they have strong impacts on the coastal zone near the river mouth. Besides, they are ultimately important in a long run because they are the major sources to the nutrient reserve in the ocean.
Typhoon-driven mixing 29 and internal wave breaking 30 are two special processes that contribute to nutrient pumping in the SCS. The nutrient fluxes brought by precipitation originate from Aeolian transports of nutrients from land. In the SCS region, biomass burning could be an important source of nutrient fallout.
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It is worth mentioning that the nutrient supplies presented are only the external sources to the euphotic zone, while the internal source, namely, the regenerated nutrient supply within the euphotic zone is not included.
Final Remarks
The elevated phytoplankton biomass in the SCS and the much enhanced primary production is probably mainly caused by a rich supply of nutrients from localized upwelling along margins of the basin, 21 while river-borne nutrients may contribute to the enhancement to a small degree. It is the upwelling process that keeps a steady supply of nutrients to the upper water column, while the wind mixing in the surface layer is only the last leg in the chain of nutrient supply processes. The localized upwelling mostly occurs along the continental slope or in the water body close to it. In the SCS, the upwelling off NW Luzon is attributed to subsurface convergence of the eastern boundary current.
27
The positive wind stress curl, which is likely a result of atmosphereland mass interaction also induces Ekman suction or upwelling.
32 As the southward current along the western shore of the SCS impinges on the Sunda Shelf in winter, the subsurface water is uplifted by the shoaling topography, inducing upwelling. The upwelling off Vietnam is induced by the separation of the western boundary jet from the Vietnamese coast in summer. The seaward drift causes an upwelling center off Vietnam at about 12 • N. These processes that occur because of the confinement of the marginal sea or the land-mass surrounding it are likely the main reason for the enhanced phytoplankton growth. Further studies using more sophisticated modeling approaches in wider domains are warranted to further our understanding of these critical issues.
